Initial studies of the archaeal phylogeny relied mainly on the analysis of the RNA component of the small subunit of the ribosome (SSU rRNA). The resulting phylogenies have provided interesting but partial information on the evolutionary history of the third domain of life because SSU rRNA sequences do not contain enough phylogenetic signal to resolve all nodes of the archaeal tree. Thus, many relationships, and especially the most ancient ones, remained elusive. Moreover, SSU rRNA phylogenies can be heavily biased by tree reconstruction artifacts. The sequencing of complete genomes allows using a variety of protein markers as an alternative to SSU rRNA. Taking advantage of the recent burst of archaeal complete genome sequences, we have carried out an in-depth phylogenomic analysis of this domain. We have identified 200 new protein families that, in addition to the ribosomal proteins and the subunits of the RNA polymerase, form a conserved phylogenetic core of archaeal genes. The accurate analysis of these markers combined with desaturation approaches shed new light on the evolutionary history of Archaea and reveals that several relationships recovered in recent analyses are likely the consequence of tree reconstruction artifacts. Among others, we resolve a number of important relationships, such as those among methanogens Class I, and we propose the definition of two new superclasses within the Euryarchaeota: Methanomada and Diaforarchaea.
Introduction
The seminal work of Carl Woese and George Fox at the end of the 1970s (Woese and Fox 1977) has contributed to establish the RNA of the small subunit of the ribosome (SSU rRNA) as a gold standard to study the evolutionary relationships among living beings (especially among microorganisms). This marker was subsequently proven to be a powerful tool not only for modern systematics but also for the exploration of microbial diversity. Among the most important discoveries relying on the analysis of SSU rRNA sequences was the recognition that the living world was divided into three domains (Archaea, Eucarya, and Bacteria) (Woese and Fox 1977) and that most of the biological diversity was represented by uncultured microorganisms (for a recent review on the topic, see Lopez-Garcia and Moreira 2008) .
In the 1990s, however, it was questioned whether the SSU rRNA is suitable to trace back the wealth of speciation events that have affected the cellular lineages, especially the most ancient ones (Stiller and Hall 1999; . For example, it has been shown that the phylogenetic signal carried by this marker is too weak to resolve the deepest nodes of the archaeal phylogeny (Brochier-Armanet et al. 2008) , leading to largely unresolved trees (Robertson et al. 2005; Cavicchioli 2011 ), but this is specific to neither Archaea nor SSU rRNA given that similar situations have been reported for Bacteria and Eucarya and for other molecular markers (Roger 1999; Brochier and Philippe 2002) . The lack of phylogenetic signal in single markers can result either from evolutionary radiation, phylogenetic signal saturation, or from a combination of both (Gribaldo and Brochier 2009) . Radiation is encountered when the diversification of the lineages occurred too rapidly to be recorded at the molecular level, meaning that too few substitutions were fixed between cladogenesis events. Saturation results from the progressive erasure of the most ancient phylogenetic signal by the accumulation of substitutions occurring at the same sites. As a consequence, in both cases the order of the speciation events is hardly traceable by the phylogenetic analysis of single molecular markers. In addition, SSU rRNA phylogenies can be heavily affected by several tree reconstruction artifacts, such as the long branch attraction (LBA), which leads to the artifactual grouping of the fastest-and the slowest-evolving sequences in different parts of the tree (Felsenstein 1978) . This has been particularly well documented in the case of Eucarya and animals (see Delsuc et al. 2005 , and references therein). Another source of artifacts is sequence compositional heterogeneity (Delsuc et al. 2005) . Prokaryotic SSU rRNA phylogenies are particularly sensitive to this bias because the base composition of structural RNAs (e.g., SSU and LSU rRNAs, tRNAs) is strongly correlated with the optimal growth temperature of the organisms (Woese et al. 1991; Galtier and Lobry 1997) . Finally, although probably rare, cases of horizontal gene transfer (HGT) affecting SSU rRNA genes have been reported (Yap et al. 1999; Bodilis et al. 2012; Kitahara and Miyazaki 2013) .
Disentangling the deepest nodes of the Tree of Life is however crucial to provide the evolutionary framework indispensable to understanding how the present-day biodiversity arose and how biological features (e.g., metabolic processes, cellular structures, genomes, etc.) evolved all along the diversification of Life (Gribaldo and Brochier 2009 ). To overcome the limited phylogenetic signal carried in single molecular markers and reduce the risk of tree reconstruction artifacts, alternative approaches have been proposed and successfully applied (see Delsuc et al. 2005 , and references therein). These include the development of accurate evolutionary models that overcome some of the oversimplified assumptions of the Markovian models currently used in molecular phylogenetics, the use of statistical methods for phylogenetic inference (e.g., maximum likelihood [ML] and Bayesian inference [BI] ), and the use of methods to desaturate the phylogenetic signal (e.g., the Slow-Fast [SF] method).
Besides the methodological aspects, the past 5 years have witnessed an outburst of large scale genome sequencing projects covering an ever-growing part of the taxonomic diversity within the three domains, including many uncultured lineages (Wu et al. 2009; Rinke et al. 2013 ). This windfall of data provides valuable material to tackle complex evolutionary questions. This allows, for instance, selecting accurate taxonomic samplings targeting the slowly evolving sequences within each taxonomic group, which are less susceptible to multiple substitutions, and thus reducing the level of noise in the data and the risk of LBA (Delsuc et al. 2005; RodriguezEzpeleta, Brinkmann, Burger, et al. 2007 ). Last but not least, the availability of complete genome sequences has revolutionized phylogenetics, shifting progressively to phylogenomics and thus from single-gene analysis toward the analysis of hundreds of markers either through supermatrix or supertree approaches (Delsuc et al. 2005 ). This allows combining the weak phylogenetic signal carried by each individual marker toward a stronger signal and reducing the global level of noise by diluting the noise carried by each marker, providing that the biases inherent to each marker are different. In return, phylogenomic approaches require the careful, and often very time-consuming, preanalysis of each single marker.
In the case of Archaea, it has been shown that components of various informational systems, in particular transcription, translation and replication, form a conserved phylogenetic core that can be used to trace back the evolutionary history of this domain Raymann et al. 2014) . The analysis of this core (see Brochier-Armanet et al. 2011 , and references therein) has confirmed some relationships based on SSU rRNA analyses, such as the close relationship between Desulfurococcales and Sulfolobales within Crenarchaeota and the divide of the tree of Euryarchaeota into three regions: A basal part containing Thermococcales and methanogens Class I (i.e., Methanopyrales, Methanobacteriales, and Methanococcales), an intermediate zone containing the Thermoplasmatales and relatives (e.g., DHVE2 and the uncultured marine group II) and the Archaeoglobales, and an apical region gathering Halobacteriales and methanogens Class II (i.e., Methanocellales, Methanomicrobiales, Methanosarcinales, and relatives). Despite these significant advances, the phylogeny of Archaea is far from being fully resolved and a number of important nodes require further investigations (Brochier-Armanet et al. 2011) . For instance, several lineages of uncultured fast-evolving nanosized archaea (Nanoarchaeota, ARMAN, and Nanohaloarchaea) have been discovered in very different environments (Huber et al. 2002; Baker et al. 2006; Narasingarao et al. 2012 ), but their phylogenetic position remains highly debated (Brochier-Armanet et al. 2011; Rinke et al. 2013; Raymann et al. 2014) . In addition, several other newly proposed lineages are disputed, such as the Acidilobales and the Fervidicoccales within Crenarchaeota (Prokofeva et al. 2009; Mardanov et al. 2010; Perevalova et al. 2010 ) and the candidate phylum "Aigarchaeota" (Nunoura et al. 2011) , (see Brochier-Armanet et al. 2011 , and references therein). Finally, a number of other important issues remain open, such as the relationships among the archaeal phyla (Euryarchaeota, Crenarchaeota, Thaumarchaeota [including 'Aigarchaeota'] and Korarchaeota) and thus the location of the root of Archaea, the monophyly of some orders such as the Desulfurococcales, and the relationships among methanogens Class I lineages, and among the methanogens Class II and the Halobacteriales.
Using extensive comparative genomics and phylogenomics approaches, we have identified 200 new conserved proteins widely distributed in the different archaeal phyla. Most of them are involved in cellular activities other than informational processes. Their phylogenetic analysis in combination with the markers used classically to study the phylogeny of Archaea (namely, 73 transcription and translation proteins) has allowed us to disentangle several uncertain parts of the archaeal phylogeny.
Results

Expanding the Conserved Phylogenetic Core of Archaea
Most previous work on the phylogeny of Archaea has relied on the analysis of proteins involved in informational systems (in particular ribosomal proteins, subunits of the RNA polymerase, elongation factors, subunits of the replication apparatus, etc.). The in-depth survey of the proteomes of two thaumarchaeal species, Cenarchaeum symbiosum and Nitrosopumilus maritimus, and the aigarchaeon 'Candidatus Caldiarchaeum subterraneum' allowed us to identify 200 new conserved proteins of interest to study the deep phylogeny of the domain Archaea (see Materials and Methods and supplementary table S1, Supplementary Material online). Interestingly, most of those proteins have never been used previously to infer the phylogeny of Archaea and did not correspond to genes involved in informational processes ( fig.  1C ). More precisely, 51 were involved in metabolism, 23 in cellular processes and signaling, 2 in other functions, and 47 corresponded to poorly characterized protein families. Importantly, to a few exceptions, these protein families were widely distributed in Archaea ( fig. 1A ) suggesting that they could be ancient in this domain and indicating that genes involved in noninformational processes can be strongly conserved over large evolutionary timescales. Among the most interesting examples, we detected enzymes involved in homoserine, thiamine, aspartate, and pseudouridine metabolism, as well as subunits of the exosome and proteasome complexes. The list also included a large number of ATPase subunits, as well as enzymes involved in hydrogenase expression and maturation, all of them probably related to energy conversion.
The new 200 proteins, together with the 57 ribosomal proteins and the 14 RNA polymerase subunits and conserved transcription factors (encoded by 16 genes, because RpoA and RpoB are split in some species) retrieved from previous works (Matte-Tailliez et al. 2002; Brochier et al. 2004 ), represented 273 phylogenetic markers of potential interest to investigate the phylogeny of Archaea. Archaeal homologues of these 273 protein families were retrieved from complete genome sequences of 129 species available in GenBank ( fig. 1A , B, and D, and supplementary table S2, Supplementary Material online). Because our main goal was not to investigate the root of the Archaea and because a very large part of our 200 new markers do not have bacterial homologues, we did not include a bacterial outgroup. Furthermore, the inclusion of a distant outgroup such as the Bacteria would have considerably increased the risk of tree reconstruction artifacts, notably the LBA. The 129 archaeal genomes encompassed 34 new species compared with recent studies (Brochier-Armanet et al. 2011) , increasing significantly the taxonomic diversity of Archaea that can be studied in massive phylogenomic analyses. The new genomes included the three nanohaloarchaea, three additional thaumarchaeotes, six halobacteriales (including the new genera Natrinema, Halopiger, and Natronobacterium), six methanogens Class I and six methanogens Class II (including the new genera Methanosalsum and Methanolinea), one archaeoglobales, three thermococcales, two desulfurococcales (including the new genus Pyrolobus), three sulfolobales and four thermoproteales (including the new genus Thermoproteus). The multiple alignments of the 273 proteins were concatenated to generate three supermatrices: L2, L3, and L4 by gathering the 200 newly identified protein families (48,904 amino acid positions), the 57 ribosomal proteins (6,228 amino acid positions), and the 16 proteins involved in transcription (2,970 amino acid positions), respectively. The size of the ribosomal protein supermatrix L3 was in agreement with previous analyses (Matte-Tailliez et al. 2002; Gribaldo and Brochier-Armanet 2006) but smaller than supermatrices from recent reports Podar et al. 2013) most likely because less stringent alignment-trimming criteria were used in these studies.
A Conserved Core of Archaeal Genes with Consistent Phylogenetic Signal
The progressive erasure of ancient phylogenetic signal by the accumulation of multiple substitutions occurring at the same sites is a frequent problem encountered in molecular phylogeny (Gribaldo and Philippe 2002) . In addition to signal decay, this process may amplify tree reconstruction artifacts such as the LBA (Philippe and Laurent 1998) . Because they represent an ancient lineage, a certain amount of noise is expected in the set of conserved protein sequences widespread in Archaea. Previous studies have shown that multiple substitutions can be revealed by comparing the pairwise p-distances (i.e., the number of observed substitutions) and the inferred distances (e.g., the ML-distances) among all species (Philippe et al. 1994; Philippe and Forterre 1999; Chiari et al. 2012; Ramulu et al. 2014 ). The number of inferred substitutions depends on the methods used and, consequently, this approach is not really quantitative but can provide good indications about the level of noise in sequence data sets. In fact, the stronger the correlation between the two measures is, the lower the level of saturation is. This can be visualized by plotting the two measures, the slope of the linear regression indicating the level of noise in the data. When no or very few multiple substitutions have occurred, both distances tend to be equal and the slope of the linear regression equals to 1. In contrast, as the level of saturation increases, the distance between the two measures grows because the p-distance does not take into account multiple substitutions, and their correlation coefficient and the slope of the linear regression decrease. The saturation plots corresponding to the L2, L3, and L4 supermatrices showed very similar shapes (supplementary fig. S1A , Supplementary Material online). This indicated that the 200 new markers had a level of saturation similar to that of the r-proteins and transcription proteins. Moreover, the pairwise distances among species deduced from the L2, L3, and L4 ML trees were highly correlated (supplementary fig. S1B-D, Supplementary Material online), indicating that the average evolutionary rates of the 200 protein markers, r-proteins, and RNA polymerase subunits were comparable.
ML trees inferred with the L2, L3, and L4 supermatrices showed similar topologies indicating that these supermatrices carried a consistent phylogenetic signal (supplementary fig.  S2 , Supplementary Material online). The monophyly of orders represented by more than one sequence was recovered with good support (all Bootstrap values [BV] 495%, except for Desulfurococcales BV 80%), and the relationships among the main archaeal orders within each phylum were consistent. The strongest discrepancies concerned the relationships among methanogens Class II and the Halobacteriales, and among methanogens Class I. In particular, Methanopyrus kandleri emerged robustly at the base of the Euryarchaeota in the L4 tree (BV = 97%, supplementary fig. S2C , Supplementary Material online), whereas it branched after the divergence of Thermococcales (BV = 100% and BV = 69%) as the sisterlineage of Methanobacteriales and Methanococcales (BV = 100%), and of Methanobacteriales (BV = 92%) in the L2 and L3 trees, respectively (supplementary fig. S2A and B, Supplementary Material online). The basal branching of M. kandleri was observed in a previous phylogenetic analysis of the RNA polymerase and transcription factors (Brochier et al. 2004) . It was interpreted as the result of LBA due to the fast evolutionary rate of some of the components of the transcription apparatus in this archaeon. The hypothesis of an LBA was strengthened by the data from this study, which showed that the evolutionary distances between M. kandleri and other archaea (surrounded by a dot line in supplementary fig. S1C and D, Supplementary Material online) were greater for transcription components (L4 supermatrix) than for r-proteins (L3 supermatrix) and the 200 new protein markers (L2 supermatrix). Moreover, the basal branching of M. kandleri was not recovered when we applied BI with the CAT + G8 model, less sensitive to LBA, to the L4 supermatrix (supplementary fig. S3 , Supplementary Material online). Because they carried a consistent global phylogenetic signal, the 273 protein families were then used to build two very large supermatrices: L1 (35,589 amino acid positions) that was obtained by concatenating the 179 proteins present in more than 119 of 129 species, and XL1 (58,102 amino acid positions), which resulted from the combination of all the 273 proteins. Unsurprisingly, the ML trees inferred with these two supermatrices (XL1, fig. 2 and L1, supplementary fig. S4 , Supplementary Material online) were overall consistent with the L2, L3, and L4 supermatrices (supplementary fig. S2 , Supplementary Material online).
The L1 and the XL1 supermatrices were the largest reported so far and represented a unique opportunity to decipher in detail the evolutionary history of the archaeal domain. The corresponding ML trees were well supported (most BV 495%, fig. 2 and supplementary fig. S4 , Supplementary Material online), suggesting that these supermatrices contained enough phylogenetic signal to fully resolve the phylogeny of Archaea. However, due to systematic errors, combining large amount of data is not sufficient to obtain reliable trees. In fact, the presence of non phylogenetic signal such as rate signal (i.e., heterogeneity of evolutionary rates) or compositional signal (heterogeneity of protein amino acid composition) can lead to well resolved but artifactual trees (Jeffroy et al. 2006) . We tackled this issue by using two complementary approaches. On the one hand, we applied a site-by-site desaturation strategy, the SF method (Brinkmann and Philippe 1999; Delsuc et al. 2005 ) to investigate the relationships among archaeal taxa of high taxonomic rank (i.e., orders and classes). This approach allows monitoring the evolution of the phylogenetic signal supporting a particular evolutionary hypothesis (represented by a branch in a tree) as fast-evolving sites are progressively removed from the phylogenetic analysis. Thus, it allows distinguishing branching patterns attributable to the fastest-evolving sites and therefore to rate non-phylogenetic signal from those attribuable to phylogenetic signal (Delsuc et al. 2005) . On the other hand, we analyzed in detail the relationships among taxa of lower taxonomic rank (i.e., genera and families) within Euryarchaeota and Crenarchaeota using a recoded version of the L1 supermatrix (dayhoff6 recoding scheme, L1-REC6). In fact, amino acid (or nucleotide) recoding is used to reduce the impact of (compositional signal) on phylogenetic inference (Rodriguez-Ezpeleta, Brinkmann, Roure, et al. 2007) .
Applying the SF method to the L1 supermatrix led to the construction of 35 SF-matrices (S 34 -S 0 ) by removing progressively the fastest-evolving sites. These matrices were used to infer ML trees (supplementary fig. S6 , Supplementary Material online). Although the ML trees inferred with the S 1-34 matrices were globally well resolved, the tree corresponding to the S 0 matrix was mainly unresolved most likely because of the global lack of phylogenetic signal due to the very strong conservation of the corresponding sites (most of them being invariant). Interestingly, although most relationships observed in the ML tree inferred with the L1 supermatrix were supported by the analysis of the slowly evolving sites, a few others were not, suggesting that they could result from tree reconstruction artifacts (see below). Regarding archaeal phyla, assuming that the root of Archaea is not located within any of them, the S 1-34 -matrices strongly supported the monophyly of the Crenarchaeota and the Euryarchaeota, as well as the grouping of Thaumarchaeota and 'Aigarchaeota' (supplementary fig.  S5B , Supplementary Material online).
The Phylogeny of the Crenarchaeota
The SF-matrices supported strongly the Thermoproteales as the first diverging lineage within the Crenarchaeota (supplementary fig. S5C , Supplementary Material online), in agreement with earlier studies (Matte-Tailliez et al. 2002; BrochierArmanet et al. 2011) . The BI using the recoded L1 supermatrix led to a well-resolved tree of the Crenarchaeota (fig. 3A) . More precisely, the monophyly of each genus belonging to the Thermoproteales was clearly supported (all posterior probabilities [PP] = 1.0). Thermofilum represented the first lineage diverging within this order (PP = 1.0), whereas the genera Pyrobaculum and Thermoproteus, on the one hand, and Caldivirga and Vulcanisaeta, on the other hand, formed two sister-lineages (PP = 1.0 and PP = 0.82, respectively). Within Sulfolobales, which appeared as monophyletic (PP = 1.0), the monophyly of Metallosphaera was strongly supported as well as its grouping with Acidianus (PP = 1.0). In contrast, the monophyly of Sulfolobus was not recovered because Sulfolobus islandicus and Sulfolobus solfataricus appeared more closely related to these two genera than to Sulfolobus tokodaii and Sulfolobus acidocaldarius (PP = 0.95). This suggested that the genus Sulfolobus may be paraphyletic and encompass distinct taxonomic lineages.
Although Thermoproteales and Sulfolobales represented monophyletic orders, the situation was less clear in the case of Desulfurococcales. In fact, this order was monophyletic in the ML trees inferred with the XL1 and L1 supermatrices (BV = 89% and 84%, fig. 2 ) but it became paraphyletic when the Dayhoff6 recoding scheme was used, due to the grouping of Ignicoccus hospitalis (the host of the nanoarchaeon Nanoarchaeum equitans) with the Sulfolobales, albeit with a nonsignificant support (PP = 0.8, fig. 3A ). The nonmonophyly of Desulfurococcales was reported and discussed earlier (Brochier-Armanet et al. 2011) . As for Sulfolobus, this could indicate that the order Desulfurococcales is actually nonmonophyletic or, conversely, that the relationship between I. hospitalis and the Sulfolobales is artifactual. In that case, it could be the result of a few HGT events that escaped our trimming procedure or of a LBA artifact between the long stems leading to these two lineages. Regarding the other Desulfurococcales lineages, Hyperthermus butylicus and Pyrolobus fumarii (PP = 1.0) clustered together. The monophyly of the genera Desulfurococcus and Staphylothermus was strongly supported (PP = 1.0). Desulfurococcus grouped robustly with Thermosphaera aggregans, and both represented the sister-lineage of Staphylothermus, whereas Ignisphaera aggregans branched more deeply (all PP = 1.0). Aeropyrum pernix and Acidilobus saccharovorans grouped together (PP = 1.0), confirming that Acidilobus belongs to Desulfurococcales (Brochier-Armanet et al. 2011 ) and does not represent a separate order of Crenarchaeota as recently proposed (Prokofeva et al. 2009; Mardanov et al. 2010 ).
The Phylogeny of the Euryarchaeota
As for the Crenarchaeota, the BI using the recoded L1 supermatrix provided a nearly fully resolved tree ( fig. 3B ). The monophyly of each order was recovered and well supported: Thermococcales, Methanobacteriales, Methanococcales, Thermoplasmatales, Halobacteriales, Methanosarcinales, Methanomicrobiales, Methanocellales, and Archaeoglobales (all PP = 1.0, fig. 3B ). The XL1 supermatrix and SF-matrices supported strongly the Thermococcales as the first diverging lineage within the Euryarchaeota ( fig. 2 and supplementary  fig. S5D , Supplementary Material online), in agreement with earlier studies (Matte-Tailliez et al. 2002; Brochier-Armanet et al. 2011 ). This position of Thermococcales excluded the possibility that Methanopyrales represent the earliest branch in the Euryarchaeota, which was posited in the past and used to speculate that methanogenesis was ancestral in the Euryarchaeota, and even in the whole Archaea, and, therefore, one of the most ancient metabolisms in Life history (Xue et al. 2005; Wong et al. 2007; Yu et al. 2009 ).
The next lineages diverging within the Euryarchaeota were the orders Methanobacteriales, Methanopyrales, and Methanococcales, which are collectively designated as methanogens Class I (Bapteste et al. 2005) . They robustly branched after the divergence of the Thermococcales but prior to the diversification of other euryarchaeal orders (figs. 2 and 3B, and supplementary fig. S5D , Supplementary Material online). Worth noticing, although both L1 and XL1 ML trees strongly supported a sister-relationship between Methanococcales and Methanobacteriales (BV = 100), they showed contradictory placements for the Methanopyrales. In fact, the XL1 ML tree recovered the methanogens Class I as monophyletic (BV = 100, fig. 2 ), whereas the L1 ML tree did not due to the paraphyletic branching of the Methanopyrales (supplementary fig.  S4 , Supplementary Material online). The removing of the fastest-evolving sites contained in the L1 supermatrix provided significant support for the monophyly of methanogens Class I, and for the sister-relationship between Methanopyrales and Methanobacteriales (supplementary fig.   S5E , Supplementary Material online, red and blue lines), whereas the support for the grouping of Methanococcales with Methanobacteriales dramatically decreased (yellow line). The monophyly of methanogens Class I, and the grouping of Methanopyrales with Methanobacteriales was confirmed by the BI of the recoded L1 supermatrix (PP = 0.99 and PP = 1.0, respectively; fig. 3B ). This result indicated that the relationships among methanogens Class I observed in the L1 ML tree (supplementary fig. S4 , Supplementary Material online) and in some previous studies (Brochier-Armanet et al. 2008; Wolf et al. 2012; Yutin et al. 2012; Podar et al. 2013 ) were likely artifactual.
Regarding the intermediate part of the euryarchaeal tree, the removing of the fastest-evolving sites of the L1 supermatrix strongly supported the clustering of Thermoplasmatales, DHVE2 (represented by Aciduliprofundum boonei) and the uncultured marine group II lineage, as well as their divergence prior to that of the Archaeoglobales (red and orange curves, respectively, supplementary fig. S5D , Supplementary Material online). This was in agreement with the XL1 ML tree and with the Bayesian phylogeny inferred with the L1 recoded supermatrix (figs. 2 and 3B). Finally, the apical part of the euryarchaeal tree gathered the Halobacteriales and the Methanomicrobia, represented by three orders of methanogens:
Methanomicrobiales, Methanocellales, and Methanosarcinales (Sakai et al. 2008) . These orders are collectively called methanogens Class II (Bapteste et al. 2005) . Although the monophyly of methanogens Class II was recovered in some phylogenetic analyses Yutin et al. 2012) , it was not in others (Brochier-Armanet et al. 2008; Csuros and Miklos 2009; Kelly et al. 2010; Groussin and Gouy 2011; Podar et al. 2013 ) and thus remained debated. In our study, this monophyly was never recovered (figs. 2 and 3B), even when the fastest-evolving sites were removed from the analysis (black line, supplementary fig. S5D , Supplementary Material online). In fact, all our trees robustly supported the emergence of Halobacteriales within Methanomicrobia (BV ! 99% and PP = 1.0, figs. 2 and 3B, respectively).
Concerning the relationships within the euryarchaeal taxa of high taxonomic rank, the Dayhoff6-recoding of the L1 supermatrix brought new light ( fig. 3B ). Within Thermococcales, while the monophyly of the genus Pyrococcus was confirmed (PP = 1.0) that of Thermococcus was not, due to the early divergence of Thermococcus barophilus, Thermococcus sibiricus and Thermococcus litoralis (PP = 1.0), whereas the four remaining Thermococcus species grouped with Pyrococcus (PP = 1.0). This suggested that the genus Thermococcus could encompass several nonrelated lineages. Regarding methanogens Class I, Methanothermus represented the first lineage branching within the Methanobacteriales (PP = 1.0, fig. 3B ). The monophyly of the genera Methanothermobacter and Methanobrevibacter was well supported (PP = 1.0), as well as the grouping of Methanosphaera and Methanobacterium sp. AL-21 (PP = 1.0) together with Methanobrevibacter (PP = 1.0). In the case of the Methanococcales, the genera Methanocaldococcus and Methanotorris were each monophyletic (both PP = 1.0). In contrast, Methanococcus appeared paraphyletic due to the clustering of Methanococcus aeolicus with Methanothermococcus okinawensis (PP = 1.0). This was in agreement with a large scale phylogenomic analysis of 538 conserved single-gene protein families in Methanococcales (Brochier-Armanet C, Lecocq M, unpublished data) and suggested that Methanococcus aeolicus is in fact a Methanothermococcus representative or, conversely, that the genus Methanothermococcus should be reclassified within Methanococcus.
Regarding Thermoplasmatales and their relatives, this order appeared to be more closely related to DHVE2 (PP = 1.0) than to the marine group II. This was in agreement with a recent study of r-proteins including, in addition to these lineages, representatives of the groups MBG-D and Methanoplasmatales (Borrel et al. 2013) . Within Thermoplasmatales, the monophyly of Thermoplasma and the sister-relationship between Ferroplasma and Picrophilus was confirmed (PP = 1.0). In contrast, the relationships among the four archaeoglobales were unresolved (all PP < 0.95). In the case of the Methanocellales and Methanosarcinales, the recoding of the L1 supermatrix confirmed the relationships observed in the ML trees (figs. 3B and 2, respectively). More precisely, within the Methanocellales, Methanocella arvoryzae was the first diverging lineage, whereas Methanocella conradii and Methanocella paludicola grouped together (all PP = 1.0). Within Methanosarcinales, the monophyly of Methanosarcina and Methanosaeta was strongly supported (all PP = 1.0). Methanosaeta represented the first diverging lineage within Methanosarcinales, whereas Methanosalsum and Methanohalobium, on the one hand, and Methanohalophilus and Methanococcoides, on the other hand, grouped together and with Methanosarcina (all PP = 1.0). In contrast, the phylogeny of the Methanomicrobiales was less clear. Indeed, to the exception of the monophyly of Methanoplanus and its grouping with Methanoculleus (both PP = 1.0), all remaining relationships were not significantly supported (most PP < 0.95), precluding any conclusion regarding the evolutionary history of this order. Finally, the BI using the recoded L1 supermatrix improved the resolution of the phylogeny of Halobacteriales (compare figs. 2 and 3B) . Briefly, this archaeal order can be divided into three clusters: 1) Halorubrum, Haloferax, Halogeometricum, and the halophilic archaeon DL31, and Haloquadratum; 2) Natromonas, Halorhabdus, Haloarcula, and Halomicrobium; and 3) Halalkalicoccus, Haladaptatus, Natrialba, Halopiger, Natronobacterium, Natrinema, and Haloterrigena (all PP = 1, fig. 3B ), the former representing the first lineage diverging within the Halobacteriales. To the exception of the position of Halalkalicoccus, these relationships were consistent with a recent large scale analysis of Halobacteriales (Becker et al. 2014 ).
Discussion
The analysis of the 273 markers of this study brought a new light to the evolutionary history of Archaea. First, we confirmed a number of nodes that have been previously proposed, such as the early emergence of Thermococcales within the Euryarchaeota, or the branching of the candidate phylum 'Aigarchaeota' with the Thaumarchaeota. Our analysis provided also a strong support for the grouping of Thermoplasmatales with DHVE2 and the uncultured marine group II. This large clade gathers several additional important lineages, including the recently proposed seventh order of methanogens (Mihajlovski et al. 2008; Paul et al. 2012; Borrel et al. 2013 ) and the uncultured marine group III (Fuhrman and Davis 1997) . From a taxonomic point of view, this whole group should be considered as a superclass, for which we propose the name 'Diaforarchaea' (from the Greek 'o [di afora] meaning miscellaneous) because of the great phenotypic, ecological, genetic, and genomic diversity of the lineages composing this clade. We also pointed out some discrepancies between the phylogeny of Archaea and the current taxonomy of this domain, such as the refutation of the order Acidilobales, or the paraphyly of some genera (e.g., Methanococcus, Thermococcus, and Sulfolobus) that deserve further investigation and could lead to an extensive revision of the current archaeal taxonomy. More importantly, we settled a number of important debated relationships such as the reliability of the methanogens Class I. This large group gathers three classes (Methanococci/Methanothermea, Methanobacteria, and Methanopyri) and therefore should represent a superclass, for which we propose the name 'Methanomada' (from the Greek o [om ada] meaning group). Within 'Methanomada', our data indicate that Methanobacteria and Methanopyri group together, in agreement with phylogenies based on genome gene content (Makarova et al. 2007 ). The presence of pseudomurein in their cell walls is a unique biological feature shared by these two archaeal classes (see Albers and Meyer 2011 , and references therein), and therefore could represent a synapomorphy of this group. Finally, our analyses revealed a number of very likely artifactual relationships, as for example the grouping of Methanococcales and Methanobacteriales.
Untangling the vertical evolutionary history of microorganisms is one of the most challenging issues in evolutionary biology. The discovery that the archaeal transcription, translation and, more recently, replication apparatuses form a conserved phylogenetic core was an important step in that direction Raymann et al. 2014 ). However, the question arises as to whether they carry a consistent phylogenetic signal because of true vertical inheritance. In fact, it can be speculated that they have coevolved (including HGTs and gene duplications/losses) because they are functionally linked (French et al. 2007; Merrikh et al. 2012) and because their genes are often physically clustered in the archaeal genomes (Berthon et al. 2009) . In this work, we have identified 200 new proteins which are likely ancient and conserved in Archaea. Importantly, most of these 200 markers are neither functionally linked to transcription, translation or replication, nor involved in other informational processes. Thus, the consistent phylogenetic signal carried by these markers and the informational apparatuses cannot be simply explained by functional link or genomic clustering. This provides additional support for the existence, at least in Archaea, of a large conserved core of genes carrying a phylogenetic signal that probably reflects the vertical evolutionary relationships of organisms. Nevertheless, because punctual HGT and gene duplications/losses have affected its evolutionary history, this set of genes should be view as a "soft" conserved phylogenetic core (Gribaldo and Brochier-Armanet 2006) that is much larger than the strictly conserved phylogenetic core of genes composed of universal archaeal genes. This represents 10-20% of the gene content in typical archaeal genomes. This is 1 order of magnitude more than the provocative picture of the "tree of 1%" often used to describe the vertically inherited fraction of prokaryotic genomes (Dagan and Martin 2006) . Thus, in contrast with the idea that massive HGT has completely overwhelmed the vertical evolutionary history of prokaryotes and that their evolution cannot be represented by a tree but only by a web of genes (Dagan and Martin 2006) , we retrieved a relatively large genome fraction that appears to follow a tree-like evolutionary process. The study of this tree-like component is important to decipher the vertical relationships among lineages and to provide the indispensable framework to analyze the evolutionary history of their genomes, including HGT.
Materials and Methods
Data Set Assembly
The proteomes of Cenarchaeum symbiosum (Hallam et al. 2006) and Nitrosopumilus maritimus (Walker et al. 2010) , two closely related representatives of Thaumarchaeota, and 'Ca. Caldiarchaeum subterraneum', a composite genome assembled from a metagenomic library proposed to represent a new candidate phylum tentatively called Aigarchaeota (Nunoura et al. 2011) , were used as a starting point to identify protein families of potential interest to study the phylogeny of Archaea.
The 2,017 proteins of C. symbiosum were compared with the 1,796 proteins of N. maritimus using a best-reciprocal BLASTP-hit approach. Pairs of sequences displaying more than 60% identity were considered as members of the same protein family. This comparison led to the identification of 2,470 protein families. These 2,470 protein families together with 1,704 proteins of Ca. Caldiarchaeum subterraneum were used to query a local sequence database with BLASTP (Altschul et al. 1997 ). This local database contained 92 archaeal, 297 bacterial, and 122 eukaryotic proteomes publicly available at the NCBI (http://www.ncbi.nlm.nih.gov/) that covered the taxonomic diversity of each domain of Life (supplementary table S3, Supplementary Material online). The 200 first high-scoring segment pairs with e values lower than 10
À5
were retrieved and added to the corresponding protein family. At this step, 962 sequence data sets containing less than four sequences were discarded. The remaining 3,212 data sets were aligned with MAFFT version 7 (default parameters) (Katoh and Standley 2013) . The resulting alignments were trimmed using BMGE (default parameters) (Criscuolo and Gribaldo 2010) . Preliminary phylogenetic trees were inferred with FastTree version 2 (JTT+CAT model) (Price et al. 2010 ). The resulting 3,212 trees were visually inspected. At this step, we discarded markers 1) showing a complex mix of bacterial and archaeal sequences, and/or of archaeal and eukaryotic sequences, indicating recurrent HGT among these domains, and/or 2) for which the monophyly of some archaeal orders was not recovered, suggesting that HGT and/ or complex patterns of gene duplications and losses occurred during the diversification of Archaea. Importantly, we considered only orders for which the monophyly is indisputably recognized in the literature (i.e., Thermococcales, Methanococcales, Methanobacteriales, Archaeoglobales, Halobacteriales, and Sulfolobales) but not others for which the monophyly is not ascertained (e.g., Desulfurococcales). Because our goal was to decipher the deep phylogeny of Archaea, we did not make assumptions regarding the relationships among lineages of higher taxonomic rank (orders and classes). Using this procedure and in addition to ribosomal proteins and RNA polymerase subunits and transcription factors, we identified 236 sequence data sets of the initial 3,212 that may correspond to protein families which could represent good candidates to study the ancient phylogeny of Archaea.
These 236 protein families were used to query a local database composed of 129 archaeal complete proteome sequences with BLASTP using at least one thaumarchaeal, one crenarchaeal, and one euryarchaeal sequence as seeds. These proteomes were selected among all the proteomes available for archaea by keeping only one representative strain per species (see supplementary table S2, Supplementary Material online). The retrieved homologs were aligned using MAFFT (default parameters). The resulting alignments were trimmed with BMGE (default parameters) and used to infer ML phylogenies with PhyML version 3.1 with the accurate NNI+SPR option for topology exploration ) and the Le and Gascuel (LG) model (Le and Gascuel 2008) and a gamma distribution (G) to model the heterogeneity of evolutionary rates across sites (four site categories). Branch robustness was estimated with the nonparametric bootstrap procedure implemented in PhyML (100 replicates of the original alignments). The resulting trees were visually inspected. Thirty-six protein families of the original 236 were discarded at this step because they present complex evolutionary patterns likely due to HGT or hidden paralogies that were not apparent when the taxonomic sampling was restricted to 92 archaea. As a result, 200 conserved proteins were kept for final analyses (supplementary table S1, Supplementary Material online). When in-paralogous sequences were present in these 200 protein families, we kept the slowest-evolving copy for the phylogenetic analyses.
In addition, the 57 ribosomal proteins and 16 protein families corresponding to the 14 subunits of the RNA polymerase and transcription factors used in previous studies on the phylogeny of Archaea (Brochier et al. 2004; Brochier-Armanet et al. 2011) were updated according to the same procedure. These 73 protein families in combination with the 200 newly identified in this study represented 273 unique phylogenetic markers useful for investigating the evolutionary history of Archaea.
We did not include a bacterial outgroup in our analyses because this would have severely limited the number of proteins that could be used to study the phylogeny of Archaea (~50% of our new proteins are absent in Bacteria or present in just a few bacterial lineages, probably as the result of HGT from archaeal donors). Moreover, the exclusion of a bacterial outgroup may help to limit LBA artifacts that could occur between the long branch leading to this outgroup and the fast-evolving lineages within the archaeal ingroup, a situation which is frequently encountered when studying ancient evolution (Philippe and Laurent 1998; Gribaldo and Philippe 2002) .
Supermatrix Construction
The 273 trimmed alignments were combined to build five supermatrices. Supermatrices L2, L3 and L4 corresponded to the 200 new protein markers (48,904 amino acid positions), the 57 ribosomal proteins (6,228 amino acid positions) and the 16 protein families that make up the 14 subunits of the RNA polymerase and conserved transcription factors (2,970 amino acid positions), respectively. Supermatrix XL1 gathered all the 273 proteins (58,102 amino acid positions), whereas supermatrix L1 (35,589 amino acid positions) corresponded to the 179 protein families present in more than 119 archaeal species of 129 (i.e., 106 of 200 newly identified proteins, 57 and 16 ribosomal and transcription proteins), which represented less than 10% of missing data per protein family. The sequences corresponding to the seven nanosized archaea were then removed due to their fast evolutionary rates (Brochier-Armanet et al. 2011; Narasingarao et al. 2012 ) and their lower representation in the 273 protein families compared with other species (see asterisks, fig. 1D ) in agreement with the relative small size of their genomes, which made them very prone to potential tree reconstruction artifacts (Roure et al. 2013) , meaning that only 122 species were kept in each supermatrix.
Phylogenetic Analysis of the Supermatrices ML trees of the L1, XL1, L2, L3, and L4 amino acid supermatrices were inferred using PhyML version 3.1 (NNI+SPR) with the LG+G8 evolutionary model. The robustness of the resulting trees was assessed using the nonparametric bootstrap procedure implemented in PhyML (100 replicates of the original alignment). BIs were done using PhyloBayes 3.3b (Lartillot et al. 2009 ) with the CAT+G8 model (Lartillot and Philippe 2004) . Recoded versions of the L1 supermatrix were analyzed with PhyloBayes using dayhoff4 and dayhoff6 options (L1-REC4 and L1-REC6, respectively). The four-and six-Dayhoff's amino acid families corresponded to [(A,G,P,S,T) (D,E,N,Q) (H,K,R) (F,Y,W,I,L,M,V)] plus cysteine treated as missing data (C=?) and to [(A,G,P,S,T) (D,E,N,Q) (H,K,R) (F,Y,W) (I,L,M,V) (C)], respectively. Two chains were run for at least 10,000 cycles. The first 500 trees were discarded as "burn-in" and one on two of the remaining trees from each chain was sampled to test for convergence and to compute the 50% majority rule consensus trees.
Saturation Level Analysis
Seaview 4.5 (Gouy et al. 2010 ) was used to estimate the saturation level of L2, L3, and L4 supermatrices by comparing the evolutionary distances deduced from ML trees inferred with PhyML to the p-distances (i.e., observed divergence) deduced from the multiple alignment between each pair of sequences.
A site-by-site desaturation of the L1 supermatrix was carried out with the SF method (Brinkmann and Philippe 1999; Delsuc et al. 2005 ). This site-by-site desaturation strategy was applied only to the L1 supermatrix because the larger amount of missing data contained in the XL1 supermatrix could bias the estimation of the site evolutionary rates. To do so, we subdivided the sequences of the L1 supermatrix into taxonomically balanced groups shown to be monophyletic in previous studies and in this analysis by selecting four to seven sequences per group. These groups were Thaumarchaeota + 'Aigarchaeota', Thermoproteales, Sulfolobales, Desulfurococcales, Thermococcales, Methanococcales, Methanobacteriales, Thermoplasmatales + uncultured marine group II + DHVE2, Archaeoglobales, Methanocellales, Methanosarcinales, Methanomicrobiales, and Halobacteriales (supplementary  table  S2 , Supplementary Material online). Because they were crucial taxa, Korarchaeota and Methanopyrales were also included in the analysis, despite the fact that they were each represented by a single species. The evolutionary rate of each amino acid site of the L1 supermatrix was estimated with the program SlowFaster (Kostka et al. 2008) . Thirty-five alignments (S 34 -S 0 ) of decreasing size were built by removing progressively the fastest-evolving sites from the L1 supermatrix.
Supplementary Material
Supplementary figures S1-S6 and tables S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
